A s posttranslational modifications of histones H3 and H4 determine the state of chromatin in cis, these histones should remain attached to template DNA during transcription in order to maintain the state of chromatin. RNA polymerase II itself can transcribe the nucleosome template without changing nucleosome positioning. However, it was uncertain whether Spt6, a highly conserved polymerase-associated histone chaperone, prevents "preexisting" histone molecules from being dissociated from template DNA during transcription. We recently showed that Spt6 prevents transcription-coupled loss of posttranslationally modified histone H3. Taking previous studies into account, we would like to propose here that Spt6 has two fundamentally distinct functions in the regulation of histone modification: one is to act as a platform for histone modifiers and the other is to act as a molecular liaison between histone molecules and template DNA to prevent cotranscriptional dissociation of preexisting histones in order to maintain locus-specific modifications.
Introduction
Positioning and posttranslational modifications of histones determine the state of chromatin in cis. 1, 2 Of the three canonical RNA polymerases in eukaryotes, only RNA polymerase II (RNAP II) can transcribe nucleosome templates without changing nucleosome positioning in vitro. 3 Genomic regions transcribed by RNAP II, with the exception of transcription start and termination sites, are generally filled with nucleosome arrays. [4] [5] [6] [7] As the formation of small, intranucleosomal loops ("zero-size" loops) ensures transcriptional elongation through the nucleosome, histones H3 and H4 need not to be fully dissociated from the template DNA. 8 Paradoxically, it is also known that transcription by RNAP II per se has the potential to dissociate histones H3 and H4 from the template, 9, 10 suggesting the existence of factors that prevent cotranscriptional histone dissociation in order to maintain epigenetic integrity.
The tight relationship between RNAP II and histones implies that coincidental emergence of these molecules would have been an important step in the acquisition of the histone-based layer of epigenetic regulation. Another important molecule in this respect would have been Spt6 (Suppressor of Ty 6), a highly conserved protein that is recognized as both a transcription elongation factor [11] [12] [13] [14] and a chaperone for histones H3 and H4. 13, 15 Spt6 has three functionally distinct regions: the N-terminus, a Tex-like core, and the C-terminus. 16, 17 The Tex-like core region is conserved across the biological domains bacteria, archaea, and eukarya. In contrast, the N-and C-terminal regions are conserved only in the eukarya. The N-terminal region is essential for the histone chaperone activity of Spt6. 15, 18 The C-terminal region has a particular domain called tandem Src homology 2 (tSH2), which interacts directly with phosphorylated forms of the C-terminal domain (CTD) of Rpb1, the largest subunit of RNAP II (RNAP II CTD). 19 Spt6 is recruited to transcribed regions as a component of the general RNAP II transcription complex, mainly through interaction between its tSH2 domain and the RNAP II CTD. 20 Here, we would like to discuss two fundamentally distinct functions of Spt6 in epigenetic regulation: (1) recruitment of histone modifiers to target genes, and (2) prevention of transcription-coupled loss of preexisting posttranslationally modified histone molecules ( Fig. 1) .
Positive Regulation by Spt6 of Histone H3 Trimethylation at Lys-36
The tail of histone H3 is marked with various posttranslational modifications, including acetylations and methylations. 1, 2 Methylation of histone H3 at Lys-36 is usually observed in transcribed regions of the genome and is important for repressing the histone exchange that leads to impaired histone acetylation and aberrant transcription. [21] [22] [23] [24] In the budding yeast Saccharomyces cerevisiae, the spt6-1004 mutant allele, which encodes an Spt6 protein lacking the helix-hairpinhelix domain within the Tex-like core, causes a loss of histone H3 trimethylation at Lys-36 (H3K36me3) that cannot be suppressed by exogenous expression of Set2, 25 a Lys-36-specific methyltransferase that interacts directly with elongating RNAP II. 26 Spt6 also influences Set2dependent positioning of H3K36me3 in budding yeast. 25 The Spt6-mediated regulation of H3K36me3 is not restricted to budding yeast but is also found in mammals. Yoh et al. showed that the Set2 homolog SETD2 is recruited to specific target genes such as PABPC1 through interaction between SETD2 and Iws1, an Spt6-interacting protein. 27 Begum et al. reported that in the mouse B-cell lymphoma line CH12F3-2A, Spt6, which activates class-switch recombination at the immunoglobulin heavy chain locus, positively regulates the levels of H3K36me3 and trimethylation of histone H3 at Lys-4 (H3K4me3, discussed below). 28 The evidence from these studies has clarified the role of Spt6 in the positive regulation of H3K36me3 in transcribed regions.
Negative Regulation by Spt6 of Histone H3 Trimethylation at Lys-27
In contrast, recent studies revealed the involvement of Spt6 in negative regulation of trimethylation of histone H3 at Lys-27 (H3K27me3), a mark of epigenetically repressed genes. 29 Chen et al. identified Spt6 as a component of the JMJD3 (also known as KDM6B) complex. 30 JMJD3 is a Lys-27-specific histone demethylase that plays important roles in transcriptional regulation and cell differentiation. 31, 32 The JMJD3 complex also includes SETD2 and another histone demethylase, KIAA1718. 30 In HL-60 human promyelocytic leukemia cells, demethylation of H3K27me3 and an increase in Spt6 occupancy specifically occurs in differentiation-induced genes (such as CXCL3) in a JMJD3-and KIAA1718-dependent manner. Therefore, these histone demethylases appear to positively regulate Spt6 localization and transcriptional elongation for effective demethylation of H3K27me3 in order to activate differentiation-induced genes.
Wang et al. also reported on the relationship between differentiationinduced H3K27me3 demethylation and Spt6. 33 They showed that Spt6 interacts with the JMJD3 paralogue KDM6A and is necessary for skeletal muscle cell differentiation. Knockdown of Spt6 in differentiated C2C12 skeletal myogenic cells results in an error in differentiationinduced demethylation of H3K27me3 (A) Spt6 serves as a transcription machinery-anchored platform for the recruitment of histone modifiers to target loci. Budding yeast Spt6 assists Set2, which interacts with the RnAP ii CtD, to trimethylate histone H3 at Lys-36 during transcription (see arrow #1). in mammals, SetD2 is recruited to target loci through interaction with iws1, a highly conserved Spt6-interacting protein. for demethylation of histone H3, Spt6 recruits JMJD3/KDM6B, KDM6A, and KiAA1718 to target loci (see arrow #2). (B) Spt6 serves as a molecular liaison that prevents cotranscriptional dissociation of preexisting histones H3 and H4. At a minimum, this function is required for the maintenance of histone H3 methylation at Lys-4 and Lys-9 in euchromatin and heterochromatin, respectively. other posttranslational modifications of histone molecules could also be maintained through this function.
at the target genes, which is partially suppressed by additional knockdown of Ezh2, the H3K27me3-specific methyltransferase component of the PRC2 complex. 29 Spt6-dependent H3K27me3 demethylation has also been observed in zebrafish. 33 Together, these data indicate that in vertebrates Spt6 recruits histone demethylases to target genes to induce demethylation of H3K27me3 for transcriptional activation.
Spt6 Prevents Transcription-Coupled Loss of Preexisting Histone H3
The observation that the spt6-1004 mutation in budding yeast causes loss of the nucleosome at highly transcribed genes 34 led to the well-accepted idea that, as an elongating RNAP II-attached histone chaperone, Spt6 reassembles/ restores nucleosomes following passage of RNAP II at highly transcribed regions. Reassembly of nucleosomes by Spt6 could be performed either with free histone molecules that are reserved in the nucleoplasm or with the preexisting histone molecules on the template. The positional stability of histone H3 and H4 molecules against transcription [35] [36] [37] had suggested that local preexisting histone molecules are reused for nucleosome reassembly. However, there was no evidence showing that Spt6 prevents loss of preexisting histone molecules. In addition, it was uncertain whether a complete deletion of the Spt6 gene affects nucleosome occupancy only at highly transcribed genes or also at rarely transcribed genes. Furthermore, as the spt6-1004 mutation has no effect on global levels of di-or tri-methylation of histone H3 at Lys-4 (H3K4me2 and H3K4me3, respectively), 38 this mutation does not appear to be useful for evaluating the relationship between Spt6 and histone H3 methylation at Lys-4.
Kielly et al. reported that in the fission yeast Schizosaccharomyces pombe, a mutation designated spt6-1 that mimics the budding yeast spt6-1004 mutation causes a decrease in the level of histone H3 Lys-9 trimethylation at heterochromatic regions. 39 Similar to the case in budding yeast, the fission yeast spt6-1 mutation causes nucleosome loss at highly transcribed euchromatic regions. However, this mutation does not significantly impact nucleosome positioning and the level of histone H3 Lys-9 dimethylation (H3K9me2) in heterochromatin. Although Spt6 has long been regarded as essential for cell viability, fission yeast cells are able to grow without expressing this protein, although growth of Spt6 deletant cells is extremely slow. 39 In addition to the above-mentioned phenotypes caused by partial Spt6 inactivation, we recently found that complete deletion of spt6 leads to loss of H3K9me2 in heterochromatin as well as loss of H3K4me2 and H3K4me3 in euchromatin. 40 The loss rates for these posttranslational marks and the incorporation rate of Lys-56-acetylated histone H3, which does not carry locusspecific posttranslational modifications, 23 apparently correlate with the rate of cotranscriptional nucleosome loss. In addition, in the absence of Spt6, a significant reduction in histone H3 occupancy is detectable even at rarely expressed genes and is accompanied by impaired transcriptional repression. These observations indicate that Spt6 prevents transcription-coupled loss of preexisting histones H3 and H4 in order to maintain the state of locus-specific histone modification.
There is some evidence confirming Spt6-dependent regulation of H3K4me3. Wang et al. showed that a decrease in H3K4me3 is observed only in the myogenin gene, which exhibited the highest extent of transcriptional induction among the genes tested. 33 It is possible that partial inactivation of Spt6 causes a cotranscriptional dissociation of Lys-4-methylated histone H3 that can only be observed in highly transcribed genes. Begum et al. proposed that regulation of H3K4me3 through Spt6 is required for determining the targets of activationinduced cytidine deaminase. 28 Through co-immunoprecipitation analyses, they showed that formation of a complex between Spt6 and Set1A, a mammalian homolog of Set1, requires the tSH2 domain of Spt6, suggesting that Spt6 recruits Set1A to the targets during transcription. Set1A complex is known to interact directly with RNAP II. 41 Additionally, the tSH2 domain is required for interaction between Spt6 and RNAP II. 19 Thus, it is also possible that an indirect interaction between Spt6 and Set1A through RNAP II is compromised by deletion of tSH2, and that the decrease in the level of H3K4me3 caused by Spt6 knockdown could also be a result of the observed loss of histone H3. 28
Perspectives
Based on the currently available evidence, Spt6 appears to have two fundamentally distinct functions in the regulation of histone modification. One function is to serve as a transcription machinery-anchored platform for recruitment of histone modifiers to target loci in order to enhance their functions (Fig. 1A) . This function of Spt6 is required for changing the state of chromatin by writing or erasing modifications and is also required for maintaining the chromatin state through continuous writing of modifications against antagonistic erasing activities. Some questions arise regarding this function. For instance, what determines the target loci of histone modifiers when Spt6 is recruited to the transcribed region as a component of the general RNAP II transcription complex? Also, how does the first transcription occur at repressed loci to increase the transcription level (e.g., through demethylation of H3K27me3)?
We would like to stress that the other fundamental function of Spt6 is to serve as a molecular liaison between histone molecules and DNA in order to prevent cotranscriptional dissociation of preexisting histones H3 and H4 (Fig. 1B) .
It is now clear that this function is not restricted to highly transcribed genes. Through this function, Spt6 plays a critical role in the maintenance of locusspecific histone modifications. In other words, without this histone chaperone, even a single sweep of transcription could result in loss of cognate epigenetic information. Given the fact that almost all of the genome is transcribed to some extent, 42 insufficient Spt6 activity may lead to a catastrophic breakdown in epigenomic integrity. The emergence in eukaryotes of the particular form of this protein with histone chaperone and RNAP II-interacting regions suggests that Spt6 may function in a triadic manner with histone molecules and RNAP II as the "ridges" expressed on the epigenetic landscape.
Preexisting locus-specific epigenetic information could be erased if the solidarity between RNAP II, histones, and Spt6 is actively hindered. For example, the RNAP II activity that triggers alteration of the chromatin state of previously repressed promoters [43] [44] [45] could be accompanied by lower Spt6 activity. In this regard, the fact that Iws1 physically interacts with Spt6 to prevent its binding to the nucleosome is very suggestive. 18 To date, no other candidate negative regulators of the histone chaperone activity of Spt6 have been reported. It also remains unclear whether the functions of Spt6 and Iws1 are themselves regulated through posttranslational modification. Furthermore, the impact of Spt6 breakdown on the accumulation of epigenetic abnormalities in cancer cells has yet to be evaluated. Therefore, in order to more fully understand the effects of the cotranscriptional epigenetic regulation and epigenetic disorder that are frequently observed in cancer cells, 46 the various aspects of the functions of Spt6 discussed here should be studied further at the molecular level.
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